Introduction: Few studies have investigated the influence of cage subsidence patterns (intraoperative endplate injury or late-onset cage settling) on bony fusion and clinical outcomes in lateral interbody fusion (LIF). This retrospective study was performed to compare the fusion rate and clinical outcomes of cage subsidence patterns in LIF at one year after surgery.
Introduction
An advantage of the lateral interbody fusion (LIF) procedure is restoration of the impaired disc height through the insertion of a large footprint cage, without compromising the posterior elements in various spinal deformities or degenerative cases. This procedure achieves better local alignment and indirect decompression of neural elements. However, these effects may be spoiled by cage subsidence into the adjacent vertebral endplate. Cage subsidence is therefore considered a serious complication of LIF.
Several reports have described postoperative cage subsidence in LIF series, with an incidence of 0.3%-22% [1] [2] [3] . Many reports have mixed two types of cage subsidence, one results from intraoperative endplate injury and the other (late-onset settling) occurs gradually over the postoperative course. The etiology of these two types of cage subsidence should be considered separately. The former is an iatrogenic endplate violation during the endplate preparation or cage insertion procedures. The latter is a spontaneous reaction be- 
Materials and Methods

Patient population
We conducted our retrospective review using a prospective cohort. The study included consecutive patients who underwent LIF at a single institute from February 2013 to February 2015. In total, 93 patients (aged 69.0 ± 0.8 years; 34 males; total 184 segments) who underwent LIF with a transpsoas approach in a minimally invasive fashion (XLIF; NuVasive Inc., San Diego, CA, USA) were enrolled in this study. Diagnoses were degenerative scoliosis/kyphoscoliosis (n=38), spondylolisthesis (n=27), adjacent segmental disease (n=11), stenosis (n=7), and other (n=10).
Surgical technique
The operations were performed by six surgeons; however, all cases were under the supervision of one of the senior authors. Procedures strictly followed the surgical technique described by Ozgur et al. 4) . For endplate preparation, surface marking with soft indentation made by a box cutter was followed by annular incision with a knife. After removal of the disc material with a rongeur, a Cobb elevator was advanced gently under fluoroscopy guidance along the endplates to release the contralateral annulus. Cage size trials were followed by additional disc curettage and rasping of the endplates. A box cutter was not used routinely for disc removal, but only for younger patients with a larger disc height (more than 11 mm). All cages were inserted using two containment sliders to protect the endplates and to keep graft material inside the cage. For the first 14 patients (27 segments), titanium cages of a standard 18-mm width (CoRoent XL; NuVasive Inc. San Diego, CA, USA) were used. Polyetheretherketone (PEEK) cages of the same width were used for all remaining patients. For graft material, the last six patients (14 segments) received artificial bone material comprising hydroxyapatite and collagen (Refit; HOYA Technosurgical, Tokyo, Japan) soaked in autologous bone marrow aspirate. The other patients (n=87, 170 segments) received allograft bone harvested from the femoral head. All LIF segments were supplemented with bilateral pedicle screw fixation.
Data collection
Patient demographic and surgical details were obtained from clinical charts. Age at surgery; sex; history of smoking; T-score for bone mineral density (BMD) measured at the left femoral neck using dual-energy X-ray absorptiometry; diagnosis; surgical site; cage height (8-14 mm), length (40-60 mm) and angle (0°or -10°); and graft materials were investigated (Table 1) .
Radiographic examination
Radiographic assessment was performed using computed tomography multiplanar reconstruction (CT-MPR) through the cages in contiguous 1-mm slices. Evaluation was performed by two independent spinal surgeons who were blinded to the study information two times respectively. Intra-and interobserver variances were assessed by calculating κ values. A third reviewer was available for adjudication in cases of disagreement. CT-MPR was performed at five time points: preoperatively, immediately after surgery (within 5 days), and postoperatively at 3 months, 6 months, and 1 year. CT-MPR radiation exposure at the lumbar spine was estimated at 9.9-12.6 mSv each time, according to simulation software CT-Expo version 2.0 (SASCRAD; Buchholz, Germany). The sagittal planes of each segment were evaluated, and subsidence was defined as a cage sinking more than 2 mm into the adjacent vertebral endplate . Obvious progression of subsidence from the initial sinking place (more than 2 mm) until postoperative 1 year was evaluated. At postoperative 1 year, a segment that demonstrated bridging bone formation in the coronal or sagittal plane in two consecutive slices was defined as fusion. The fusion rate at postoperative 1 year and the rate of subsidence progression over 2 mm were compared among the three subsidence groups. From the preoperative CT-MPR, each disc height at endplate's center of the anterior-posterior border of the vertebra was measured. Based on this measurement, the disc height gap was calculated as: cage heightpreoperative disc height (mm).
Clinical outcomes
Overall, 85 patients (91.4%) completed visual analog scales (VASs) for low back pain, leg pain, and leg numbness preoperatively and at postoperative 1 year. Participants also completed the self-administered Japanese Orthopedic Association Back Pain Evaluation Questionnaire (JOABPEQ). JOABPEQ comprises 25 questions across five domains: pain-related disorders, lumbar spine dysfunction, gait disturbance, social life dysfunction, and psychological disorders. For each domain, the difference between preoperative scores and those at postoperative 1 year (improvement score) was calculated and the effectiveness of the treatment evaluated 5) . According to the subsidence pattern of each segment, the 85 patients were classified as follows: Group E (at least one Segment E), Group S (at least one Segment S), Group ES (both Segments E and S), or Group N (Segment N alone). We compared the VAS scores and the improvement scores for the five JOABPEQ domains among the four patient groups.
Statistical analyses
Patient demographics, surgical details, and radiographic measurement parameters were compared among the three subsidence groups (Segments E, S, and N). VAS scores and improvement scores for the five JOABPEQ domains were compared among the four patient groups (Groups E, S, ES, and N). One-way analysis of variance was used for continuous variables. A post-hoc analysis for multiple comparisons was performed using the Bonferroni correction. Chi square tests were used for dichotomous and categorical variables. A p-value <0.05 was accepted as significant. For the significant continuous variable, a receiver operating characteristic (ROC) curve analysis was used to determine the cutoff value. All analyses were performed using SPSS Version 22 software (IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY, USA: IBM Corp.). Table 2 summarizes the comparison of demographic and radiological factors among the three subsidence groups. The κ values for intra-and interobserver reliability for the classification of cage subsidence were 0.87 and 0.76 respectively. Total postoperative cage subsidence was identified in 52 segments (28.3%) in 34 patients until postoperative 1 year. These consisted of 31 intraoperative endplate injury segments (Segment E, 16.8%) and 21 late-onset settling segments (Segment S, 11.4%). The majority of Segment E (28 segments, 90.3%) was located at SA. On the other hand, only half (10 segments, 47.6%) of Segment S was located at SA, with the remaining segments (nine segments, 42.9%) also involving the inferior endplate of the rostral vertebra. This difference in subsidence site was statistically significant (p=0.04).
Results
Radiological outcomes
In degenerative scoliosis patients (109 segments), cage subsidence was identified in 33 segments (30.3%). Five (15.2%) were in concave, 3 (9.1%) were in convex, and 25 (75.8%) were in bilateral sides. All eight segments found in concave or convex side were classified into Segment E. Nineteen (57.6%) were found in the side with osteophyte formation. There was no significant correlation between the laterality of cage subsidence and the osteophyte formation.
In Segment E, the BMD was significantly lower (p= 0.003) and the ratio of females to males tended to be higher (p=0.07) than those in the other two groups. ROC curve analysis revealed that cutoff value of BMD for the best prediction of intraoperative endplate injury was -1.0 SD of the T-score, with a sensitivity of 83.9% and specificity of 58.3%.
Segments S included no titanium cages, giving a significantly higher proportion of PEEK cages than those in the other two groups (p=0.03). There was no significant difference among the subsidence groups in cage height, length, angle, the disc height gap, or graft material.
In terms of the progression over 2 mm during the study period, eight segments (4.3%) were found to progress in 1 year (Table 3) ; five in Segment E (16.1%) and three in Segment S (14.3%). The incidence of subsidence progression did not significantly differ between the groups (p=0.98).
The fusion rate confirmed by CT-MPR at postoperative 1 year was 35.5% in Segment E, 23.8% in Segment S, and 54.5% in Segment N. Segment S demonstrated a significantly lower fusion rate than those in the other two groups (p=0.01); however, the difference between Segments E and N was not statistically significant (Table 3) . Table 4 shows the comparison of the subsidence segments with progression (>2 mm) (n=8) and those without progression (n=44) at postoperative 1 year. Although progression was observed relatively more often in the lower lumbar spine, there was no significant difference between the two groups in terms of patient demographic and surgical details.
Clinical outcomes
In the patient group classification based on CT-MPR evaluation, the 85 patients who completed VASs and JOAB- PEQ were classified into four groups: 19 patients (20.4%) into Group E, 11 patients (11.8%) into Group S, four patients (4.3%) into Group ES, and 51 patients (63.4%) into Group N. Preoperatively and at postoperative 1 year, there were no significant differences in VAS scores or the improvement scores for the five JOABPEQ domains among the four groups (Table 5) .
Discussion
Subsidence is a term used to describe a decrease in the vertical height of the disc space before complete incorporation of the fusion mass 6) . Lee et al. 7) compared the cage subsidence rate of anterior-(ALIF), posterior-(PLIF), and transforaminal-(TLIF) lumbar interbody fusion at two years after surgery. The cage subsidence rate was 15.4% in ALIF, 38.1% in TLIF, and 10% in PLIF. However, no papers directly compared the cage subsidence rate between LIF and TLIF or PLIF.
In terms of cage subsidence patterns in LIF, several studies have reported poorer outcomes for intraoperative endplate injury than for late-onset settling. Tohmeh et al. 8) reported that the levels of intraoperative cage settling (endplate injury) demonstrated progressive settling at a greater magnitude than levels without intraoperative cage settling. In addition, clinical improvement at one year after surgery was significantly higher for patients without intraoperative cage settling than for those with intraoperative cage settling. Santoni et al. 9) conducted a biomechanical study using a cadaver model of endplate injury in LIF and concluded that segmental stability may be compromised by the injury.
On the other hand, late-onset cage settling is thought to be part of the normal healing process. Choi et al. 6 ) described postoperative cage subsidence in anterior interbody fusion as a normal incorporation process of the cage to achieve better contact with both endplates, which have different surface shapes. Tokuhashi et al. 10) analyzed the subsidence of a metal cage after posterior lumbar interbody fusion and reported that the degree of cage subsidence and decrease of disk height were not correlated with the final clinical results.
Malham et al. described two types of cage subsidence in LIF: early cage subsidence and delayed onset subsidence (DCS) 11) . They analyzed the clinical and radiological outcomes of DCS cases and concluded that DCS did not affect interbody fusion rates or clinical outcomes.
Several factors are reported to cause cage subsidence in intervertebral fusions including LIF: reduced bone quality 12, 13) , older age 13) , multilevel procedures 1, 14) , narrow cage 1, 2) , and use of rhBMP-2 15) . However, the abovementioned reports mixed two types of cage subsidence (intraoperative injury and postoperative spontaneous settling). In the present study, CT-MPR at an immediately postoperative time point enables the two types of cage subsidence to be distinguished.
Segment E (intraoperative endplate injury) was significantly related to reduced BMD and included a relatively higher number of females who (in this mainly postmenopausal patient population) suffered from osteoporosis. Hou et al. 13) showed a lower endplate failure load in vertebrae with lower BMD and concluded that patients with osteoporosis have a higher risk of cage subsidence. They also provided mechanical data proving that the anterior site of the endplate is weaker than the posterior site. Grant et al. 16) demonstrated the mechanical weakness of the central region of the endplate using indentation tests. In addition, they showed that the superior endplate was mechanically weaker than the inferior endplate. This biomechanical data supports our findings that endplate injuries were mostly observed at the anterior corner of the cage in the superior endplates of the caudal vertebra.
According to the ROC analysis, patients with T-score less than -1.0 SD should be watched for intraoperative endplate injury. Perioperative treatments for osteoporosis and intraoperative gentle manipulation of endplates are recommended.
Several intraoperative endplate injuries in the unilateral site were observed in degenerative scoliosis cases. This might be due to the nonparallel orientation of the endplates, attributed to surgeon technical failures.
Conversely, late-onset settling was not directly affected by bone quality. Nearly half of the Segment S group (late-onset settling) involved the inferior endplate of the rostral vertebra, which is not the weakest area of the vertebral surface. Rather, late-onset settling was found to correlate with cage material, as all patients in the segment S group received a PEEK cage. According to Vadapalli et al. 17) , PEEK cages have a modulus of elasticity closely resembling that of cortical bone. They described how PEEK spacers reduce the stresses in the adjacent endplates as well as subsidence, and facilitate bony fusion. However, there are several studies on interbody fusion that have demonstrated contradictory results regarding the superiority of PEEK over titanium as the cage material 18, 19) . PEEK cage teeth are reported to be less sharp than those of titanium cages 20) . PEEK implants also tend to have a fibrous connective tissue surface interface, probably due to reduced osteoblastic differentiation of progenitor cells and production of an inflammatory environment that favors cell death via apoptosis and necrosis 21) . Although it is possible that the artifact effect of a titanium cage may camouflage subsidence in CT-MPR, PEEK cages showed a higher rate of late-onset settling.
Both types of cage subsidence showed a similar incidence (approximately 15%) of obvious progression of subsidence and a lower fusion rate at postoperative 1 year, although the fusion rate was significantly lower in late-onset settling. It is still unclear whether this can be attributed to PEEK characteristics or other factors. Steffen et al. reported that large micromotion at the interface between graft and host bone should be avoided to achieve fusion 22) . Tanida et al. hypothesized that the repetitive local mechanical stress caused by insufficient initial stability between the cage and the endplate may lead to endplate microfracture 23) .
In this study, all segments were supplemented with bilateral pedicle screws. In cases of intraoperative endplate injury, potential instability might be prevented by additional pedicle screw fixation. On the other hand, late-onset settling is a sign of instability remaining even after pedicle screw fixation. Insufficient stability of the construct and compromise of the endplate might aggravate each other, and result in delayed union or pseudoarthrosis.
However, there were no parameters correlating directly with subsidence progression. Neither bone quality nor spinal pathogenesis affected it. Although progression was likely to be found in the lower lumbar spine, the total number of the segments with subsidence progression was low. Further case accumulation is necessary to clarify the mechanism of subsidence progression.
Clinical outcomes were not affected by either intraoperative endplate injury or late-onset settling at postoperative 1 year. These results are consistent with previous literature 10, 11) . However, a longer follow-up period and larger number of cases are necessary to clarify the influence of cage subsidence on clinical outcomes. In addition, as mentioned above, all segments were supplemented with bilateral pedicle screws. This additional posterior fixation might have minimized the effect of cage subsidence on clinical outcomes.
This study has several limitations. We defined cage subsidence and its progression as ! 2 mm. This threshold was set to minimize the measurement bias among reviewers; therefore smaller subsidence may have been overlooked.
We could not analyze the effect of cage width on endplate injury, as only 18-mm cages were available in our country; this might account for results that differed from those in previous literature 1, 2) . In conclusion, intraoperative endplate injury was significantly related to bone quality, and late-onset settling was related to cage type (PEEK cage). Late-onset settling demonstrated a fusion rate worse than that of intraoperative endplate injury or no-subsidence at postoperative 1 year. However, there were no significant differences in clinical outcomes among the subsidence patterns. Further follow-up is necessary to clarify the influence of cage subsidence on clinical outcomes in LIF.
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